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Introduction
Policymakers are increasingly calling upon the research community to analyse approaches for identifying and evaluating climate change adaptation measures and strategies, and methods of costing different outcomes and response measures [1] . The inadequacy of many available analytical frameworks that evaluate links between climate change adaptation and mitigation [2] are of little use for conventional tactical investment decisionmaking. In theory, policies that provide a real or implicit price for mitigation could stimulate investment in clean energy products, technologies and processes [3] , although various published estimates of carbon prices required to stabilise atmospheric GHG concentrations at around 550 ppm CO 2 -e by 2100 range from around zero to more than 100 USD per tCO 2 -e [3] [4] [5] . Given the increasing investment by governments in renewable energy systems, a number of regionally specific analyses are required to assess the most cost-effective range of mitigation and energy services for a region. The high capital cost of small-scale renewable energy systems in rural areas remains a stubborn barrier to market expansion, despite regional development benefits [6] [7] [8] [9] [10] [11] . The expansion of support mechanisms (capital subsidies, tradable certificates, feed-in tariffs, etc.) is injecting new public expenditure into both small and large-scale renewable energy systems [10] [11] [12] , and due diligence is required to quantify the value of technical alternative investments in terms of financial and greenhouse gas mitigation. This research uses a similar approach and software as Rehman and Al-Hadhrami [13] for analysing the technical, emissions, and financial cost of smallscale renewable energy generation components. However, this research compares three exclusive technical investment choices in the rural region of the southwest (SW) of Western Australia (WA) against the baseline of grid-connection for a basic rural homestead and overlays simulated outputs with actual market cost/price data and available support subsidies. The research aimwas to determine the technical performance and net present value (NPV) of each technology choice to inform both potential investors and policymakers on the unique differences and sensitivities of each option, and a subset of comparative scenarios for the provision of electricity services and greenhouse gas emissions mitigation in the SW of WA.
The electricity load profile data, technical simulation, and economic model
The simulated grid-connected rural homestead was connected to a standard WA rural supply of 230-240 V, 32A two phase distribution line. The analyses solely focussed on modelling only the electricity consumption of the homestead which includes a medium sized house and two primary sheds best described as a general workshop and a sheep shearing shed. As the complete load profile was unavailable, an energy audit was undertaken with real-time electricity consumption monitoring for two weeks, appliance data gathering, and three years of historical electricity retailer billing data were used to characterise the load, including average and peak electricity demand. The generated simulation electricity load profiles for the homestead are presented in Fig. 1 The model's random variability of "day-to-day" and "time-stepto-time-step" were allocated 50% and 250%, respectively to reflect the significant variation of load in the normal daily and seasonal routines of the homestead and the farm operations. Random timestep variations produced a maximum peak load on a 15 min basis of around 10.1 kW, which was consistent with energy audit and appliance data.
RETScreen (version 4) meteorological data were used for the technical simulations which were derived from the Australian Bureau of Meteorology (BOM) station at Albany Airport (Station 009741, Lat.(S): 34.9414, Long.(E): 117.8022) [14] . The technical simulations were performed using HOMER (version 2.68 beta), a distributed power and micro-power optimisation model [15] . A 15 min simulation interval was chosen to provide sufficient resolution to model the intermittent nature of the electricity load. HOMER was used to perform energy balance calculations between an identical load and the simulated technical alternative systems. While both HOMER and RETScreen can perform economic analyses, an explicitly clear economic model was developed using a simple spreadsheet to ensure all unique attributes of the various technologies, policies, and emission calculations were able to be remodeled by third parties. The spreadsheet is referred to as "the model", and incorporated the technical performance output data from RETScreen, HOMER, and peer reviewed literature. The model incorporated capital expenditure cost calculations (including, but not limited to) site preparation and equipment modification etc.), and operating cost components (including, but not limited to maintenance, replacements, fuel/electricity costs etc.). 2010 real market prices were used to project and NPV (or net present cost, NPC) over the modelled 15 year project lifetime. The models contained a number of assumptions, including a real discount rate (8%), and an inflation rate of 3%. While these economic tools are well established [16] , they are not without limitations, as even the most probable NPV for a project does not recognise asymmetric probabilities associated with each variable [17, 18] . However, a simulation and scenario approach can recognise at least some asymmetries and their effect on the NPV calculation [17] , although this research only models a small number of systems and scenarios. Whilst the model includes general maintenance scheduling and servicing costs (etc.), for simplicity the model does not include asymmetric assumptions of quality and reliability of respective technologies. For example, the lifetime of the inverters and battery banks have been modelled as 15 years, which is likely an overestimate, based on recent research under Australian conditions [8] . Despite such uncertainties, an iteratively balanced approach of selected "midrange equivalent" performance and cost for each technology was selected for simulations and scenarios. Similarly, an independent assessment of the uncertainty of the input data (primarily meteorological data) and simulated results have not been undertaken for this research as HOMER and RETScreen models have been extensively validated, and BOM has excellent data quality assurance procedures. As such, the research results should be used as a guide, premised upon the understanding that actual technical performance results will vary depending on the installation site. Furthermore, the economic analyses contain more obvious input uncertainties, including future electricity prices, tariff eligibility changes, and the eligibility rules for such changes (etc.). Such financial uncertainties in the economic model are outside the scope of this analysis.
The electricity tariff used in the model was the governmentowned retailer's (Synergy) Home Business Plan (K1) tariff, commonly used in regional areas with a homestead and workshop/ sheds are use the same electricity meter. The daily supply charge and the cost of the first 20 kWh in 2010 was US$0.3823 day -1 and the consumption charges were US$0.2083 kWh -1 (for less than 20 kWh day -1 ) [19, 20] . (Note the exchange rate used to convert from Australian dollars to US$ was 1:1). For simulated generated electricity that is not consumed by the homestead is exported to the network. The economic model assumes these electricity exports receive a zero financial return due to the K1 tariff customers being ineligible for payments for exports and similarly ineligible for any feed-in-tariff that exists. This assumption is based on the current situation for around 13,000 customers on the K1 tariff in WA who together consume around 130,000 MWh each year on average [21] .
3. First system scenarios: a 15 kVA wood gasification unit coupled to a 6 kWe modified grid-connected petrol generator (electricity only)
A spark-ignition engine coupled with a 6 kW e generator powered by a wood gasifer was simulated to supply the homestead load in parallel with the grid. The gasifier input fuel supplied wood gas to a 3 L engine operating between 1500/1800 rpm coupled to a 15 kVA single phase 240 V generator. A generic fuel efficiency curve was generated (intercept coefficient of 0.1, and a slope of 1.667) to represent spark-ignition engine performance. The downdraft unit operated in batch mode with a maximum hourly wood consumption of 20 kg delivered a wood gas output of 45 Nm 3 . The system was simulated at half maximum gasifier output, with an approximate fuel-dependent calorific value of the output gas of 5MJm3. The average daily consumption was approximately 40 kg of dry wood. The available wet wood was assumed to be pre-dried or dried using waste heat from the engine exhaust gas to a 15% moisture content (wet basis) prior to gasification. The gasifier included a fuel hopper able to store several hours of wood fuel, primary and secondary particulate scrubbers, a gas cooler and condenser with condensate collection tank, an air-gas mixer, electric startup suction fan, and a startup gas burner. All ancillary components required to operate and maintain the gasifier (including replacement seals, thread sealing and jointing compounds, safety filters and equipment, poker, etc.) were included in the capital cost of the unit. The simulation forced the woodgas generator scheduling to operate between 1pm and 5pm (the period of maximum electricity demand), with woodgas generator forced on during the entire interval. Gasifier combustion waste products, in addition to gases, are mineral-rich ash, various biochar residues, and condensate water. The emissions from the woodgas system were deemed to be carbon neutral. The baseline that any mitigation was calculated against was the 2009 emission factor data (scope 2 SWIS), of 0.84 kgCO 2 -e kWh -1 remaining stable over the 15 year interval, which is likely to be an overestimate as the emission factor has slowly decreased over time to date.
Market prices for the full 6 kW e woodgas system, including the gasifier was based on actual 2010 capital and operational costs. The capital and operational costs of the gasifier were obtained from a gasifier manufacturer. The cleaning procedure for the gasifier was modelled to take half an hour for one person, and the labour for wood collectionwas based on a slightly higher than current market value of delivered firewood in regional areas of the SW of WA (US$120 t -1 ) to take account of the additional costs of wood fuel preparation. Hourly labour costs for maintenance in the model were US$30. The model assumed that the gasifier was able to remain operational without an active operator over the scheduling period, except for start-up and shut-down, which were assumed to require 20 min each day. At half output the reload and cleanoutwas estimated to require 6 h and 40 h, respectively. All market values are shown in Table 1 Fig. 2 shows the annual and monthly simulation results of the 6 kW e gasifier system, and the results for the 15 min intervals. The total wood consumption of the systemwas 14 tonnes per annum. It is noted that these levels of wood consumption are only a small fraction of the available sustainably yield of waste wood in the majority of farms in the SW of WA. Table 2 summarises the total electricity consumed, exported, generator production, the percentage of generator output consumed in the homestead, and the percentage of homestead electricity supplied by the generator. The percentage of the 6 kW e woodgas generator output consumed in the household was 18.9%. This was due to the relatively high rating of the generator relative to the smaller homestead peak demand times during the scheduled hours of operation. The percentage of homestead electricity that the 6 kW e woodgas system supplied directly to the homestead was 34.2%, which was due primarily to the scheduled hours being only at the homestead peak period.
Technical simulation results

Comparative scenario A: zero maintenance and wood fuel costs
The 6 kW e woodgas system was remodelled for the scenario above, with three changes: zero labour costs for daily gasifier operation, operation maintenance, and input wood fuel. This scenario accounts for pre-existing wood supplies of correct specification and uncharged owner-operator labour. The new scenario was more financially attractive (US$-61,491), yet remained negative. The difference between the scenario with and without operational labour and fuel wood costs was US$54,995 over the 15 year interval. This large difference indicates the high labour and input fuel cost components for wood gasification technologies in addition to capital costs.
Comparative scenario B: highly attractive economic model assumptions
For further comparison, this research has modelled the 6 kW e grid-connected woodgas system with the following assumptions:
• a capital subsidy was available approximately equivalent to what is available for 6 kW e photovoltaic systems at the time in the SW of WA, deemed over 15 years (US$8520); • the 6 kW e woodgas system outputs and homestead load profiles remain identical;
• electricity prices remain identical;
• an equal price for electricity grid exports as the homestead pays for imports (minus GST); • a zero cost for the input wood fuel;
• a feed-in-tariff of US$0.40 kWh -1 (net) available over the 15 years, giving an export value of US$0.59 kWh -1 ), and;
• an up-front payment of the deemed mitigation potential paid to the system owner as an additional capital subsidy, based on an extremely high carbon price of US$500 tCO 2 -e -1
.
Whilst the NPV of the 6 kW e woodgas system with the highly attractive economic values were an improvement from the perspective of the owner, the financial value remains unattractive at US$33,920. Therefore, despite a high market mitigation potential and the existence of extremely generous policies to support the technology, the high cost relative to network electricity indicates little market potential for small-scale grid-connected woodgas systems in the SW of WA.
Second system scenario: a 15 kVA wood gasification stand-alone unit coupled to a 6 kWe modified petrol generator (electricity only)
The identical spark-ignition engine generator and gasifier system in the first system scenario was used to simulate technical performance as a stand-alone system, relative to grid-connection. The 6 kW e AC woodgas generation system was coupled with a battery bank supplying the total homestead load in parallel through an 11 kW e stand-alone inverter/rectifier, located off-grid to the electricity network. The battery bank nominal capacity was 139 kWh, 83 kWh of useable nominal capacity (with a 60% minimum state of charge) on a 120V DC bus. Fig.  3 is a schematic diagram of the simulated system. Fig. 4 shows the annual and monthly electrical simulation results for the 15 min intervals for an average year, including the identical annual homestead total electricity of demand of 4,380 kWh. The total annual average output of the woodgas system was 7185 kWh. Fig. 5 shows that 4203 kWh was supplied to the simulated 90% efficient rectifier and 3782 were delivered to the battery bank (a loss of 420 kWh). The lead-acid battery bank technology simulated cycle efficiency of around 80% received 3782 and delivered 3037 kWh to the inverter, a total loss of 745 kWh per annum. The 95% efficient inverter supplied an average 2885 kWh to the homestead load from a total input of 3037 kWh (a loss of 152 kWh). The total wood consumption of the system was 18.4 tonnes per annum, an increase of 4.4 tonnes per annum relative to the grid-connected system supplying the homestead load only in scheduled hours. The specific fuel wood consumption was almost identical to the gridconnected woodgas system, although a generator minimum load ratio of 70% was used in the stand-alone system, as compared to 80% in the grid-connected system. This differentiated configuration was used for the stand-alone woodgas system to enable a suitable comparison to the performance of the following 6 kW e standalone diesel generator system scenarios. Fig. 6 shows that the battery bank remains at a very high state of charge (>85%) for the vast majority of the simulated year. Table 4 shows a summary of the annual homestead electricity simulations. 
Technical simulation results
Financial and emission performance results
Capital and operating costs for all system components were assumed to be identical to the grid-connected 6 kW e woodgas system, except for the additional enabling stand-alone equipment. All costs are summarised in Table 5 and are GST inclusive, unless specified. The K1 electricity tariff supply charge of US$0.3823 day -1 (including GST), was incorporated into an equivalent average annual daily load cost for the homestead in the stand-alone model. The 12 kWh average daily load at a cost of US$0.2083 kWh -1 , plus the daily supply cost is equal to an average daily tariff increase of 15.29% to US$0.2401 kWh -1 . The system NPV did not recoup the initial investment, and the owner's discounted cost relative to gridconnection was modelled as US$140,710 over the 15 year interval. The total life-cycle market mitigation potential of the system was 55.188 tCO 2 -e. This was maximum possible for the household over the 15 year interval, based on the simulation assumptions.
Comparative scenario C: zero maintenance and wood fuel costs
For comparison, this research includes a scenario which models the stand-alone 6 kW e woodgas system with a zero cost for fuel and gasifier maintenance akin to the grid-connected woodgas system comparative scenario. The NPV for the system in this scenario was US$87,705. Despite the significant reduction in NPC of approximately US$53,000 with zero fuel and labour costs, the scenario is unlikely to occur in practice due to the high cost. Table 6 summarises the current market economic and mitigation potentials of the systems. The two system's market mitigation potentials, represented in terms of a carbon price the system owner would pay is represented in Table 7 . While noting simulation and modeling uncertainties, both grid-connect and stand-alone projects were clearly not commercially viable against the option of utilising the electricity network (if available), particularly with the extremely high cost of market mitigation of between US$2553 tCO 2 
Third system scenario -a 6 kWe diesel generator (electricity only)
A simulation and economic model of the 6 kW e woodgas component against a baseline of a 6 kW e diesel generator component was included with an identical enabling stand-alone system design and scheduling. The diesel generator-only component analysis was used to assess actual costs of energy and emissions relative to both the network-only, and the stand-alone woodgas generator component. In the dieseleinverterebattery-only scenario, a similar diesel generation component was used to compare technical and market economic performance against the woodgas generation component. The well loaded AC diesel generator (70% minimum load ratio) with an average specific fuel consumption of 0.383 L kWh -1 supplied the annual 4380 kWh household load requirement. The diesel was restricted to operate the same hours of 1pm and 5pm, and also forced to operate once a day from 1pm to 3pm. Scheduling was also optimised for 3pm to 5pm to satisfy system control requirements of battery state of charge and load supply. . The capital costs, the servicing, and major reconditioning requirements for the diesel generator were estimated and included in the economic model.
Technical simulation, mitigation and financial results
The total simulated annual average electricity produced by the diesel generator was 5810 kWh to conservatively supply the household load and to cover associated conversion efficiency losses from enabling equipment, such as the inverter and battery bank. The simulated annual average diesel fuel consumption of the system was 2,225 L. The simulated annual average diesel emissions from the combustion of 2225 L was 5.969 tCO 2 -e (2,225 L x 38.6 MJ L -1 x 0.0695 kgCO 2 -e MJ -1 ). This increased the household emissions when supplied by the SWIS electricity network alone for the simulated average year by around 2.3 tCO 2 -e. Table 8 shows the NPV, the market mitigation potential, and the DCF of the 6 kW e dieseleinverterebattery-only stand-alone system. The market mitigation potential of the diesel system over the life-cycle was negative, totalling an additional 34.347 tCO 2 -e than a network-only supply. The NPV of the diesel systemwas US$-78,164, a very expensive option relative to grid-connection, if the grid was available. This was comparable to the NPV of the scenario for stand-alone woodgas system. The biodiesel cost was assumed to be US$0.08 L -1 more expensive than mineral diesel, for a total price of US$1.28 L -1 . Unlike mineral diesel, biodiesel is not eligible for a fuel tax credit. This is the actual price the owner will pay for the fuel post tax. Assuming the diesel generation exhibits an identical specific fuel consumption of 0.383 L kWh -1 , the equivalent electricity price was US$0.49 kWh -1 . Table 10 compares the NPC and market mitigation potentials of the diesel and biodiesel systems. The large difference between the market mitigation potential of the mineral diesel and the biodiesel systems was due to the deemed net zero emissions of the biodiesel, compared against the SWIS electricity network emission factor as a baseline.
Conclusion
The summary results of the primary system technical simulations and associated modelled market adaptation and market mitigation potentials for each system are shown in Table 11 . The analyses show that, relative to the existing option of connecting to the electricity network, all of the renewable energy small-scale system technical simulations and market potential modeling resulted in negative NPVs. However, the range of market mitigation potentials for each system type demonstrates that, in theory, significant mitigation is possible from each regional household. The associated costs of this mitigation, as shown in Table 11 , were very high. The mineral diesel system exhibited both a negative NPV and generated negative mitigation, resulting in a perverse carbon value (in bold). Table 11 demonstrates the grid-connected 6 kW e woodgas system scenarios ranged in NPV and associated market carbon price, yet all were very expensive mitigation options for network electricity distributed generation, even with scenarios with very generous subsidies. Similarly, all of the stand-alone 6 kW e woodgas systems were more expensive than the diesel and biodiesel alternatives and the network electricity supply, despite the high market mitigation potentials. The 6 kW e diesel stand-alone systemwas the least expensive electricity supply yet increased emissions relative to grid connection by around 34 tCO 2 -e over the 15 years. The biodiesel fuel option seems to be a promising market mitigation option, yet does not receive a fuel tax credit or any subsidy. However, the efficacy of mitigation using biodiesel fuels is dependent on the life-cycle emissions associated with the production and delivery of a particular biodiesel. Nonetheless, in these simulations and scenarios the additional cost of electricity associated with the installation of each distributed generation technical substitute demonstrates the low penetration of distributed generation in the SW of WA. Fig. 7 presents the total market adaptation potential (US$) and market mitigation potential (tCO 2 -e), for each primary system model in a Cartesian form. This graphical presentation indicates relative capital costs, selected interval cash flows, selected interval annual mitigation (in this research the economic model interval is on an annual basis), in addition to the final equivalent carbon price over the 15 year interval. The first year for each system is represented by the line marker located at the zero coordinate on the market mitigation potential (x) axis, and is aligned on the NPV axis (y) representing the total upfront capital cost of the system in "year zero". The subsequent markers represent the annually average market mitigation and NPV at each yearly interval, with the final year (15) indicated by the marker furthest away from the NPV (y) axis. Based on the simulated systems and model assumptions, the results indicate that both small-scale renewable woodgas and non-renewable distributed rural electric systems are unsuitable for displacing electricity consumption when the network is available. The results specifically indicate the higher capital and operating cost of small-scale biomass-toelectricityonly systems, even when labour and wood fuel costs were assumed to be zero. These results cast doubt over the commonly discussed option of recycling agricultural by-products for the production of electricity using small-scale technologies to generate mitigation opportunities in the region. Similarly, the assertion that grid-connected decentralised energy systems are commercial in mini-grids in rural markets with high grid connection costs and abundant renewable energy resources [22] , does not appear appropriate for these modelled scenarios in SW of WA. In light of the extremely high cost of mitigation using smallscale bioenergy systems, government subsidy policies may more efficiently reduce emissions and diversify energy supplies by reallocating funds to medium or large-scale renewable electricity generation technologies, or risk unnecessarily increasing the electricity prices for both private entities and governments.
